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Abstract 
A sensitivity study of CO2 mineralization using GEM-GHG simulator was performed to investigate which 
parameters are effective on CO2 behaviour over 1,000 year in the simulator. We used a reservoir model of Nagaoka 
pilot test site in Japan as a practical example. A chemical data set was scrutinized and modified to input into GEM-
GHG simulator. It was clarified that parameters such as reactive surface area and component of minerals are 
essential and should be obtained by laboratory experiments. 
© 2008 Elsevier Ltd. All rights reserved 
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1. INTRODUCTION 
In order to reduce anthropogenic CO2 emissions to the atmosphere, geological CO2 sequestration in aquifer has 
been proposed, where it needs the assessment of risks, hazards and impacts during CO2 migration over the future. If 
injected CO2 could be fixed as carbonate minerals in geological systems, it will be possible to reduce the concerns 
on CO2 sequestration. Therefore, to estimate the time scale of the mineralization is a key to predict the long-term 
fate of CO2 injected underground for safety assessment. 
To ensure that CO2 will remain trapped in an aquifer, numerical simulations considering chemical reactions 
between CO2 and minerals should be done. The simulator called GEM-GHG has been used for prediction of CO2
behavior [1]. This simulator was also used in a research of a pilot test of CO2 injection into an onshore aquifer at 
Nagaoka, Japan for prediction of gaseous CO2 behavior [2]. 
According to field observation and experimental study of mineral trapping at Nagaoka site, it could occur from 
the early stage of CO2 storage [3, 4], however, the time scale of mineralization of CO2 strongly depends on 
geochemical parameters input into a simulator. Therefore essential geochemical parameter should be found and set 
properly.  
We performed a sensitivity study of CO2 mineralization using GEM-GHG simulator to investigate which 
parameters are effective on CO2 behavior over 1,000 year in the simulator. 
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2. SETTINGS AND CONDITIONS 
We used the reservoir model of Nagaoka pilot test site as a practical example. The amount of injected CO2 was 
10,400 tons over 18 months. Long-term CO2 fate was predicted over a period as long as 1,000 years. 
A chemical data set was scrutinized and modified to input into GEM-GHG simulator. Considering the field 
observation [3, 4], main reservoir rock components were restricted to quartz, albite, anorthite, enstatite and K-
feldspar as a basic case. Table 1 shows concerned reactions of aqueous species in formation water. Other several 
reactions were ignored because of low pH condition. Table 2 shows assumed mineral reactions between dissolved 
CO2 and reservoir rock. A geochemical database attached to GEM-GHG, called WinProp, does not have data of 
montmorillonite minerals, we manually inputted these reactions referred to SOLTHERM [5]. Carbonates and clay 
minerals were precipitated after CO2 injection. Initial concentration of each aqueous species and content of each 
mineral were set based on field observation. According to the results from Zwingmann et al. [6], the rate constant 
and activation energy of each mineral were assumed. 
Table 1  Selected Reactions of Aqueous Species
(1) AlOH2+ + H+ = Al3+ + H2O
(2) CO2(aq) + H2O = H+ + HCO3-
(3) CO3- + H+ = HCO3-
(4) CaHCO3+ = Ca2+ + HCO3-
(5) MgCO3+ = Mg2+ + HCO3-
(6) MgHCO3+ = Mg2+ + HCO3-
(7) MgOH+ + H+ = Mg2+ + H2O
(8) NaHCO3 = Na+ + HCO3-
(9) OH- + H+ = H2O
Table 2  Selected Reactions of Minerals
(1) Albite-Low + 4H+ = 2H2O + Na+ + Al3+ + 3SiO2(aq) 
(2) Anorthite + 8H+ = 4H2O + Ca2+ + 2Al3+ + 2SiO2(aq) 
(3) Calcite + H+ = Ca2+ + HCO3-
(4) Dolomite + 2H+ = Ca2+ + Mg2+ + 2HCO3-
(5) Enstatite + 2H2O + Mg2+ + SiO2(aq) 
(6) K-feldspar + 4H+ = 2H2O + K+ + Al3+ + 3SiO2(aq) 
(7) Kaolinite + 6H+ = 5H2O + 2Al3+ + 2SiO2(aq) 
(8) Quartz = SiO2(aq) 
(9) Ca-montmorillonite + 6H+ = 4H2O + 0.165Ca2+ + 1.67Al3+ + 4SiO2 + 0.33 Mg2+
(10) K-montmorillonite + 6H+ = 4H2O + 0.33K+ + 1.67Al3+ + 4SiO2 + 0.33 Mg2+
(11) Mg-montmorillonite + 6H+ = 4H2O + 0.495Mg2+ + 1.67Al3+ + 4SiO2
(12) Na-montmorillonite + 6H+ = 4H2O + 0.33Na+ + 1.67Al3+ + 4SiO2 + 0.33 Mg2+
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Table 3  Conditions of Simulations
Run Number Multiplier of Reactive Surface Area Initial Mg-containing Minerals 
1 1 -
2 0.1 -
3 0.01 -
4 0.1 Enstatite
All the simulators including GEM-GHG require many chemical parameters such as the reactive surface area of
each mineral. However, if we would input the reactive surface area as it is, the time scale of mineralization would be
estimated too short. The following parameters were changed for sensitivity analysis: reactive surface area of 
minerals and component of minerals. Table 3 shows conditions of simulations.
The reactive surface areas were set to be 1, 0.1, and 0.01 times (Run 1 - 3) of those based on nitrogen gas
absorption data and volumetric ratio of minerals of Nagaoka reservoir rock sample.
Nagaoka reservoir rock has small content of enstatite, MgSiO3. It is about 5% in volume of a bulk rock. The
component of minerals was set to those with and without enstatite (Run 4).
asured surface area, without enstatite) (b) Run 2 (0.1(a) Run 1 (1 times of me es, without enstatite)
(c) Run 3 (0.01 ti )
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3. RESULTS AND DISCUSSIONS
3.1. EFFECT OF REACTIVE SURFACE AREA
It is difficult to measure reactive surface area of each mineral in two-phase fluid system in porous reservoir rock.
We need to know how long-term prediction is sensitive to reactive surface area. 
Figure 1 shows the fate of injected CO2 for all runs. According to these plots, the larger reactive surface area
became, the earlier CO2 dissolved and mineralized. The calculated periods till CO2 was fixed as calcite were about
50 years in Run 1 (Figure 1(a)), and about 300 years in Run 2 (Figure 1(b)). Mineralization of CO2 did not occur for
1,000 years in Run 3 (Figure 1(c)). Assuming that mineralization will start in 2000 years in Run 3, the period till 
mineralization starts will be about 6 times longer as reactive surface area becomes 0.1 times.
These results suggest that the long-term fate of CO2 is sensitive to the reactive surface area. Therefore the
reactive surface area should be set carefully by a laboratory experiment to assess a potential of a site. 
3.2. EFFECT OF Mg-CONTAINING MINERALS
Run No.4 is the case that reactive surface area is 0.1 times those of measured and Mg-containing minerals are
included. Run 2 and Run 4 are under same conditions excluding whether Mg-containing minerals are existing or not.
Reservoir rock contains 6% of enstatite, Mg-containing mineral, in volume.
Figure 1(d) shows the fate of CO2 for 1000-years simulations with enstatite. In this case, dissolution and
ionization progressed in comparison with Run 2 (Figure 1(b)). 
Injected CO2 dissolves into formation water gradually, and then the amount of supercritical CO2 saturation
becomes small. Figure 2(a) shows distribution of supercritical CO2 saturation 1000 year after injection in the case
without enstatite, and Figure 2(b) shows those of with enstatite. There are several differences in both cases. The
amount of supercritical CO2 is slightly smaller and CO2 saturation is higher in the center of distribution in Run 4
compared to Run 2. 
 (a) Run 2 (without enstatite)  (b) Run 4 (with enstatite)
Figure 2  Distributions of supercritical CO2 saturation 1,000 years after injection.
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 (a) Run 2 (without enstatite)   (b) Run 4 (with enstatite)
Figure 3  Distributions of pH value 1,000 years after injection.
 (a) Run 2 (without enstatite) (b) Run 4 (with enstatite) 
Figure 4  Distributions of calcite 100 years after injection.
 (a) Run 2 (without enstatite) (b) Run 4 (with enstatite) 
Figure 5  Distributions of calcite 1,000 years after injection.
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 (a) All mi r Run 4 (with enstatite) 
  (c) Mg-containing minerals for Run 4 (with enstatite)
Figure 6  Mineral molar change with time.
Acidified formation water due to injected CO2 will be neutralized by the reaction with minerals. Figure 3(a) 
shows distributions of pH value 1000 years after injection without enstatite, and Figure 3(b) shows those of with
enstatite. Color scale indicates the range of pH value from 4 to 8. The boundary where pH value is strongly
changing is seen in both cases. This boundary is a mineral reaction front, several mineral dissolved with
consumption of acid by the inner side of this front. On the outside of the front, acidified formation water diffuses.
Moreover, the front is clear in the side of up-dip (WNW) and unclear in those of down-dip (ESE). In Run 4, the pH
value inside the front is slightly higher than the case of Run 2, neutralization would progress further by the effect of
enstatite.
Injected CO2 would finally be mineralized as calcite for long time. Figure 4 shows the distributions of calcite 100
years after injection. Initially contained calcite dissolved by the acidified formation water 100 years after injection.
Figure 5 shows the distributions of calcite 1,000 years after injection, mineralization can be seen at this time. In Run
4, larger amount of calcite precipitated, especially in the side of down-dip (ESE). 
Figure 6 shows mineral molar change with time. After 1,000 years, much calcite precipitated in the case that with
enstatite (Figure 6(b)) compared to the case without it (Figure 6(a)). Dolomite did not precipitate within this period
(Figure 6(c)). Without enstatite, ions dissolved from minerals by reaction with CO2 precipitated as calcite, quartz
and kaolinite. On the other hand, four kinds of montmorillonite containing magnesium precipitated instead of quartz
and kaolinite in the case with enstatite. Consequently, the amount of calcite increased in the case with Mg-
containing minerals due to the change in ionic balance. Therefore we should not ignore any Mg-containing minerals
for simulations to assess the safety of geological CO2 storage.
nerals for Run 2 (without enstatite) (b) Minerals with no-Mg content fo
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4. CONCLUSIONS 
We performed a sensitivity study about mineralization of CO2 using GEM-GHG, and found following remarks: 
x The long-term fate of CO2 is sensitive to the reactive surface area. 
x The period till mineralization starts would be about 6 times longer as reactive surface area become 0.1 times. 
x There would be a mineral reaction front, and several mineral dissolved with consumption of acid by the inner 
side of this front. 
x Larger amount of calcite precipitated in the case with enstatite, especially in the side of down-dip. 
In conclusion, it was clarified that parameters such as reactive surface area and component of minerals is 
essential and should be obtained by laboratory experiments. 
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